Biological invasions are a major threat to biodiversity, agriculture and human health. 8
i. Evolution as a potential driver of bridgehead effects

23
All species have limits to their geographical distributions [1] . Historically these limits 24
were determined by a range of environmental factors such as climate or resource 25 availability, biotic interactions and physical barriers to dispersal [1] . However in the 26 current period, particularly since the Industrial Revolution, increased international 27 trade and human movement have resulted in the accidental movement of many species 28
worldwide. This on-going movement of species has brought about the breakdown of 29 biogeographic boundaries that have historically limited the distributions of organisms 30
[2] and some of these species become "invasive" (i.e., an introduced population 31 maintains itself without human assistance, spreads further and has impacts on 32 biodiversity, health, agriculture or ecosystem functioning) [3] . As biological invasions 33 are a leading cause of global biodiversity loss and the erosion of ecosystem functions 34 worldwide [4] , it is important to develop a better understanding of the invasion process 35 [5] . 36
37
In several species, it has been observed that introduced populations are themselves the 38 source of additional new introductions (e.g. [6] [7] [8] [9] ), leading to a self-accelerating process 39 whereby "invasion begets invasion". This phenomenon has been called the "bridgehead 40 effect", using the analogy of a military unit establishing a foothold at the far side of a 41 bridge, prior to further incursions into hostile territories [10] . Recently, the bridgehead 42 effect has been highlighted by a horizon scan identifying the most important issues 43 likely to affect how invasion processes and dynamics are studied in the near future [11] , 44 because it could drive steep rises in global invasion rates [12] . A potential explanation 45
for an introduced population being the source of several secondary introductions is that 46 this bridgehead populations evolve "higher invasiveness"; that is, they acquire new3 traits increasing the probability of successful establishment and further spread relative 48 to native populations [10] . While this idea of adaptive evolution as a driver of 49 bridgehead effects is appealing, we argue here that there is currently no empirical 50 support for this hypothesis. Most studies that suggested a role of adaptive evolution are 51 based on the observation that introduced populations are the source of one or several 52 secondary introductions of invasive species. In the first part of this review we show that 53 none of these studies tested for the appearance of new adaptive traits in the bridgehead 54 population. Moreover, we argue that a high frequency of secondary introductions can be 55 explained by the topology of human transport networks, with species more likely to be 56 introduced to, and spread from, highly connected hubs. Next, we discuss the few studies 57 that actually demonstrated genetic changes in a bridgehead population, emphasising 58 that these observed genetic changes have not been shown to increase invasiveness. 59
Finally, we outline the evidence that would be needed to demonstrate adaptive 60 evolution and higher invasiveness of introduced populations. 61
ii. Evidence for adaptive evolution in invasive populations 62 We conducted a literature search on Web of Science in July 2017 using the key words 63 "biological invasions" OR "invasive" Or "introduc*" OR "alien" AND "bridgehead effects" 64 OR "secondary introductions" OR "secondary spread" OR "multiple introductions". For 65 our review, we retained all papers that described invasion histories with secondary 66 spread from an initial invasive population and which have hypothesized that this could 67 be explained by evolution of higher invasiveness in the bridgehead population 68 compared to native populations (listed in populations are usually subject to a founder event during introduction followed by rapid 83 adaptation to the new environment". For example, in the study that originally coined the 84 term "bridgehead effect", the authors concluded that adaptive evolution most likely 85 occurred in the introduced population of the Asian harlequin ladybird in the USA 86 because this population was the source of several secondary invasions in Europe, Africa 87
and South America while all attempts to establish new populations for biocontrol 88 purposes by releasing individuals from the native population failed [10] . However, there 89 is currently no empirical support for adaptive evolution in the introduced US population. 90
Moreover, and importantly, successful establishment is a rare event with the effect that 91 in most cases a species needs to be introduced many times in sufficient numbers before 92 a self-sustaining population establishes [14] . Therefore, the failure of individuals 93 originating from their native range to establish a new population does not demonstrate 94 an evolutionary shift in the invasive populations. 95
These studies have not demonstrated adaptation. But many suggest that adaptive 97 evolution could drive the observed secondary spread, arguing that this would be 98 "evolutionary parsimonious" because a single evolutionary shift in a single population, 99 the bridgehead population would be required to explain increased invasion success (e.g. 100 [10, [15] [16] [17] [18] [19] ). However, this argument is problematic because adaptation is often not 101 necessary for establishment of a species outside of its native range. Recent studies 102
indicate that in the majority of cases species invade habitats with environmental 103 conditions similar to those in their native range [20] [21] [22] connections and a few nodes (e.g., transport hubs) having many connections and these 120 nodes are transport hubs [27] . Moreover, these networks have small-world properties, 121 6 meaning that any node in the network can be reached from any other node in a few 122 steps [27] . Given these network properties, secondary spread can be expected to be the 123 rule rather than the exception [27, 28] . 124 125 In summary, the statement that adaptive evolution in bridgehead populations is the 126 most "evolutionary parsimonious" explanation for the bridgehead phenomenon is 127 mistaken; the most parsimonious scenario is simply no adaptation at all. Therefore, in 128 the absence of any convincing evidence for adaptive evolution, increased abundance in a 129 primary invaded area or the peculiar topology of the transport network should be the 130 null hypothesis for explaining bridgehead effects. Demonstrating that a trait conferring greater invasion success evolved in a bridgehead 181 population requires several steps (Fig. 1) . The first is to determine the exact origin of the 182 introduced population. Because organisms display geographical variation in many 183 phenotypic traits, demonstrating a difference between a native and an introduced 184 population does not allow one to make any conclusion about evolution in the introduced 185 range as it may simply reflect variation in the native range. The final step is to show that a genetic difference between a source and an introduced 210 population is responsible for the success of the bridgehead population as a source of 211 secondary invasions (i.e. that it is a pre-adaptation for further invasions). For example, 212 an adaptation to the climatic conditions of a bridgehead population will act as a pre-213 adaptation only if the habitat where secondary introductions occur has climatic 214 conditions more similar to those of bridgehead population than to those of the native 215 population. In general, demonstrating that the bridgehead population is pre-adapted for 216 secondary spread is difficult since it would require conducting controlled introductions, 217 which raise ethical issues (fears that the invasive species may escape into the wild) and 218 because, it is logistically challenging, as the experiment would have to be repeated at 219 different locations to preclude the role of idiosyncratic ecological factors. 220
221
An alternative approach to testing experimentally if adaptive evolution is a driver of 222 secondary spread is to investigate whether historical introductions from the introduced 223 range more frequently lead to successful establishment than introductions from the 224 native range. Given that this would require accounting for variation in propagule 225 pressure from the native and invaded range [39] , it may be difficult to obtain sufficient 226 data for a single species because numbers of introductions are generally limited. Larger 227 sample size could possibly be obtained using data from multiple species. Alternatively, it 228 might also be possible to use data from biocontrol attempts, where species have been 229 introduced by humans on purpose. The idea would be to test if introductions from the 230 introduced range of a species are more successful than introductions directly from the 231 native range, while accounting for propagule pressure. The advantage of this type of 232 data is that there are observations of both successes and failures and perhaps even 233 estimates of the actual propagule pressure, which would be important for this analysis. 234
235
Perspectives and Conclusion
237
The bridgehead effect has recently become a focus of invasion science because it has the 238 potential to drive global increases in future invasion rates. A popular explanation for the 239 bridgehead effect is that it stems from the evolution of higher invasion success of the 240 bridgehead population. In many studies, authors are careful to suggest that alternative 241 hypotheses are possible. However, collectively these studies placing the bridgehead 242 effect in the context of an "evolutionary parsimonious scenario" give the impression that 243
